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1 I n  1963 the  wri ter  and several other  s c i e n k s z s  I r o m  

d i f f e r e n t  ;?laces - i nc lud ing  Tokyo, Japan, Noscow, USS3, and 

a c o q i e  of e a s t e r n  s t a t e s ,  USA - discussed the need f o r  

holding an i n t e r n a t i o n a l  conference on s t r e n g t h  and f r a c t u r e  

i n  Japan. Some pre l i r i inary  s t eps  weye subsequently taken t o  

p l a n  such a conference. 

arrangenent of an i n t e r n a t i o n a l  meeting i n  Japan would n o t  

be a n  easy undertaking, s ince  many people i n t e r e s t e d  i n  t he .  

confeTence were not  tlaemselves i n  Japan. However, a piece 'of 

good news cane shortly af terwards.  Professor  Takeo Yokobori 

of Tohoku (Northezst)  Universi ty ,  Japan, and many o t h e r  

Japanese s c i e n t i s t s ,  a s s i s t e d  by a nurriber of fo re ign  s c i e n t i s t s  

were a c t i v e l y  i n t e r e s t e d  i n  and were organizing a similar 

i n t e r n a t i o n a l  conference on f r a c t u r e .  

It was recognized that  the 

Because of Professor  Yokobori's endless  e f f o r t s  and 

under the auspices  of nany Japanese s c i e n t i f i c  s o c i e t i e s ,  

the I n t e r n a t i o n a l  Conference on F rac tu re  f i n a l l y  took pl-ace 

on September 12-17, 1965. The l o c a t i o n  was the two halls,  

Aobanorna (green l eaves )  and Aoinoma (hollynock t r e e )  i n  Sendai 

Hotel, Sendai City,  on tne east coas t  of the l a r g e s t  i s l a n d ,  

Zonshu, of Japan. According t o  the  announced coverage, b o t h  

macroscopic an6 xicroscopic  a s p e c t s  of- f raEture  would be 

C.  C. Z s i a o  i s  on t h e  f a c u l t y  i n  the Department of Aeronaut ics  
n i c s  a t  the  Un ive r s i ty  of Minnesota. 
ed i n  par t  by NASA and O A ~ ,  
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c ocsl2ereci In tiie cozi'ezence . T;>e ~ F D ~ Y L X ,  ;?Tinted i n  

migl:sh, inciu;ded the  Colloxing a r e a s  of Znteres t :  

A.  X'atnenatfcal, phys ica l  and continuum niecnanical t h e o r i e s ;  

B. Atomistic, mic ros t ruc tu ra l  and nacmscogic  mechanics; 

C. S t r eng th  and T r a c t w e  o f  non-metallic materials; 

D. Zatlgvie and f r a c t u r e  witn empnasis on ,microscopic 

- 

behavior;  

ana 

E. Environmental e f f e c t s ,  high p r e s s w e ,  high temperature, 

high s t r a i n  rate,  r a d i a t i o n  damage, etc.  

Sunday af ternoon,  September 12, c l o s e  to .one  hundred 

f o r e i g n  s c i e n t i s t s  from various p a r t s  of the world registred 

t o g e t h e r  w i t h  more than  two hundred Japanese s c i e n t i s t s .  A 

gaia opening c o c k t a i l  p a r t y  as w e l l  as marvelous t r a d i t i o n a l  

Ja2anese dances provided a wonderful opportuni ty  f o r  

p a r t i c i p a n t s  t o  get be t te r  ac,quainted. 

The opening ceremony began a t  9 a.m.  Monday, September 13, 

with an  in t roduc to ry  speech by Professor  Yokobori and a welcome 

address by the Mayor of Sendai. Two simultaneous t e c h n i c a l  

s e s s i o n s  followed i rmed ia t e ly  af ter  the br ie f  p re l imina r i e s .  

I n  one of the se s s ions  Prof. E. Kr6ner proposed a continuum 

theory  dea l ing  with the range of atomic cohesian forces'. 

Subsequently Prof. K. Kondo o f  Japan discussed the geometr ical  

a22roac.h t o  t h e  microGechanics of f r a c t u r e .  While one s e s s i o n  

was concerned wi th  continuum theor fe s ,  the o t h e r  s e s s i o n  dealt 

with f z t i p e  f r a c t u r e  and observat ions of f r a c t u r e  sur faces .  

After a pause f o r  refreshments, the two p a r a l l e l  s e s s i o n s  

were con;--: m e 6 .  Sf?veral r epor t s  ~ e g m d h g  d i s l o c a t i o n s  and 
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crack  p r o p a g a t i m  were 6 i s c m s e d  fyom l a t e  i n  the  morning 

u n t i l  ZOOE. After larich research r e s u l t s  obtained by both 

Japanese and f ~ e i g n  s c i e r i t l s t s  on i n v e s t i g a t i o n s  of the 

mecha,nism of f r a c t u r e  were reported.  Tine i n d i v i d u a l  s e s s ions  

w e n t  snioothly and sys temat ica l ly  according t o  the p r i n t e d  

program. Tine only except lons weTe t h a t  s e v e r a l  scheduled 

pagers authored by s c i e n t i s t s  f r o m  USSR had t o  be  canceled. 
. 

Xowever, s e v e r a l  Riss i sn  authors  d i d  a r r i v e  t o  a t t e n d  the  

Conference a t  t n e  end of the las t  day of the t e c h n i c a l  

sess ion .  Professor  S. N. Zhurkov of the Physical-Technical 

I n s t i t u t e  of the Academy of  Sciences of the USSR, Leningrad, 

USSR, presented his s p e c i a l  l e c t u r e  on the k i n e t i c  concept .  

of s t r e n g t h  of s o l i d s  a t  the c los ing  of the conference. 

Because of t h e  i n t e r e s t i n g  nature  of h i s  work, a br ie f  account 

w i l l  be given la ter .  

The second day of t he  t echn ica l  s e s s ion  started wi th  a 

s p e c i a l  l e c t u r e  by E'rofessor B. L. Averbach on micro ;c,:d 

macro c rack  formation. I n  his presenta t ion ,  Professor  Averbach 

o u t l i n e d  the mechanism of micro crack formation and the asso-  

ciated c r i t i ca l  value of the crack extension f o r c e  t o  provide 

the basis f o r  a f r a c t u r e  s a f e  design c r i t e r i o n .  Following t h i s  

l e c t u r e ,  aga in  two p a r a l l e l  t echn ica l  s e s s ions  were held. 

One of the se s s ions  was occupied with the p r e s e n t a t i o n  of papers 

p r i m a r i l y  concerned w i t h  continuum mechanics s t u d i e s  of 

f r a c t u r e  problems. 'lie other  sess ion ,  i n  the meantime, dealt 

e s s e n t i a l l y  wi th  n ic roscopic  a s p e c t s  of  f r a c t u r e  phenonena. 



rl' Ane priricipa; f ea tu re  of  the t h i r d  day began wi th  a 

s p e c i z l  l e c t u r e  on t h e  sGbJect o f  i r i l t i a t i o n  and growth of 

v i s c o e l a s t i c  fi-itcture by Professor  N. L. Williams. H i s  

i n t e r e s t i n g  work pointed out the  p o s s i b i l i t i e s  of extending 

G r i f f i t ; ?  theory  I n  f rac ture  ;r,ecnanics for b r i t t l e  materials 

t o  iraterials having aoriiins.tlng t i z e  dependent flow charac- 

t e r i s t i c s  as w e l l  as v i s c o ~ s  d i s s i p a t i o n  mechanisms. Thus 

the previous G r i f f i t h  c r l t i c a i  s t r e s s  r e s u l t s  f o r  f r a c t u r e  

could be c a s t  i n t o  a similar form as 

where K i s  a constant ,  E the  niaterial modulus and A the  c rack  

l e n g t h  and Ti r ep resen t s  t he  i ~ i d i v i d u a l  energy q u a n t i t i e s  

a s s o c i a t e d  wi th  the  p a r t i c u l a r  d l s s i p a t i o n  processes  f o r  

b r i t t l e ,  d u c t i l e  and v i s c o e l a s t i c  r m t e r i a l s .  I n  addi t ion ,  

s e v e r a l  polymer r e p o r t s  were a l s o  presenteci t n a t  day a t  one 

of the t e c h n i c a l  s e s s ions  toge ther  with papers concerned with 

s t u d i e s  of glass, cement and f a t i g u e  of metals.  

During the l a s t  day of the  conference, var ious a s p e c t s  

of f r a c t u r e ,  such as growtn of f a t i g u e  crack, environmental 

effects  on f r a c t u r e ,  s t r a i n  rate e f f e c t s  on deformation and 

f a i l u r e ,  e t c .  were considered. Near the end of t h e  t e c h n i c a l  

sess ions ,  Professor  Zhurkov a r r i v e d  and presented h i s  s p e c i a l  

l e c t u r e  on the k l n e t i c  concept of s t r e n g t h  of s o l i d s .  For 

c l a r i t y  Professor  Zhurkov asked Professor  William t o  p re sen t  

p a r t  of his 2aper. I n  n i s  r e p o r t  f irst  of a l l  the k i n e t i c  

n a t u r e  of f;;;c f r a c t u r e  process of S O l T d 3  was pointed out. He 
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sua2orted X s  cLsic  by revlewing his e a T l i e r  experimental 

skudies  and findings'  and considered tine thermofluctuat ion 

mechafiism or' f r a c t u r e .  According to h i s  r e p o r t  i t  has been 

easy t o  demonstrate t h a t  the r e l a t i o n s h i p  between the lifetime 

o r  t i s e  t o  break tm, t h e  app;ied constant  simple t e n s i l e  

s t r e s s  G and the absoluke texpera ture  T could be w r i t t e n  i n  

the foTm of a k i n e t i c  operation: 

-- 
ci -ya 
0 

tm = t oe  Efi: 

where % i s  t h e  Boltzman's constant,  

m t e r i a l  cofistants. T h i s  formula  a i d  not  r ep resen t  J u s t  an  

Go and y are 

o rd ina ry  emperical  r e l a t i o n s h i p  bu t  possessed a s i g n i f i c a n t  

phys i ca l  process  of des t ruc t ion  i n  s t r e s s e d  s o l i d s  i n  general .  

For var ious  kinds of solids silch as s i l v e r  ch lor ide ,  aluminum, 

2olynethyl  ze thac ry la t e ,  e t c .  to was found t o  be about 10 -I3 sec. 

The r e c i p r o c a l  of to coincided w i t h  t h e  n a t u r a l  o s c i l l a t i o n  

frequency of atoms i n  s o l i d s .  The q u a n t i t y  Uo was i n t e r p r e t e d  

as the magnitude of the  energy barr ier  determining the 

p r o b a b i l i t y  of breakage of the bonds respons ib le  f o r  s t r eng th .  

Experimental data c o l l e c t e d  f o r  l a t t i c e  s o l i d s  ind ica t ed  

that  Uo f i t t e d  w e l l  w i th  t h e  energy of subl imat ion or the 

b inding  energy of atoms i n  t h e  c r y s t a l  l a t t i c e  i n  metals.  

S i m i l a r l y  f o r  polymers, go corresponded with t h e  energy of 

breakage of chemical bonds i n  mcromolecular  chains.  The 

7- 
i 

Z. C. Iiisiao, Pnysics Today, J 12 30 (1959) 
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- a 0  2 tw = C2e 
111 

Y a t  a given temperature T 2 = m  where C2 E 

are cons tan ts .  

(3)  

i f  t%e  Iffetirnecr the- to-brzalc  of a stressed polymer 

was coiiqletely d e t e m i n e a  by tne rate of accuinulation of the 

ruptured bonds, then  one rigli t  expect t n e  exponents al and 

a t o  be e q - G a l .  i n  t h l s  case t n e  l i f e t i m e  of the specimen and 

the rup tu re  rate of t n e  bonds i n  the specimen under a cons tan t  
2 .  

s t r e s s  at  a given temperature should be related by t h e  

e q u a l i t y  

. 
v t  = CiC2 = constant  

Iil (4) 

An experimental  v e r i f i c a t i o n  of this relation f o r  nylon 

f ibres ,  at roox teapera twe,  at  5C°C ana a t  -50°C has shown 

a good agreement witn the t h e o r e t i c a l  p red ic t ion .  Thus the 

EPR-method proved t o  be a very e f f e c t i v e  t o o l  i n  ob ta in ing  a 

d i r e c t  confirmation ol” the k i n e t i c  na tu re  of polymer . f r a c t u r e  

process .  

However, i n  Prof.  Zhcrkov’s r e p o r t ,  he a l s o  i n d i c a t e d  the 

d e v i a t i o n  from (1) when small s t r e s s e s  were involved i n  

expeyixental  s tud ie s .  The reason f o r  such d e v i a t i o n  which 

was found t o  be cornrnon f o r  d i f f e r e n t  s o l i d s  has not  y e t  been 

e2ucidzted. Besides this p r i n c i p a l  dev ia t ion  ‘one more viola- 

t i o n  of the genera l  i i n e a T  law between the logari thm of t i m e -  

t o - f r a c t u r e  and t n e  app i i ed  constant stress i n  the given genera l  



Xize t i c  eqmcion  (1) ?;as a l s o  f r ecpen t ly  observed. Tnis  was 

n o t  i n t e r p r e t e C  as a p r l n c i 2 a l  Eature and was claimed as being 

a s soc ia t ed  w i t n  the  i n s t a b i i i t y  of materials i n  mechanical 

tests.  S t a j i i i z a t i o n  of t h e  s t r u c t u r e  would r e s u l t ,  as a 

r u l e ,  i n  a s t r a i g h t e n i n g  out of the nonl inear  r e l a t i o n s h i p  

between Ln tz and 6, so  t h a t  i t s  t o t a l  consis tency w i t h  the 

genera l  k i n e t i c  equat ion (1) wo-i;ld be obtained. 
71. .  L; 
h . i b I 4  regard  t o  tnis  2 o i n t  F'rofessor C. C. Hsiao had 

presented  some a n a l y t i c a l  r e s u l t s  Curing the second day of the 

conference.  

i n  the s tudy  of the u l t in ia te  behavior of solids. 

that  on somewhat simLlar b a s i s ,  the d e v i a t i o n  of the 

l i n e a r i t y  between t h e  logarithm of time t o  f r a c t u r e  of a Solid 

subfec ted  t o  a sim2le t e n s i l e  s t r e s s  would r e s u l t  while 

Linear  r e l a t i o n s  could on ly  be obtalned under large stresses. 

Prof. E-:slao had an osponxin i ty  t o  d i scuss  this sub'ject 

wi th  Pro?. Zhurkov i n  Tokyo one evening. It might be of 

i n t e r e s t  t o  g ive  a brief account of this information her?, 

as the r epor t ed  work of i-Isiao and Zhurkov may be considered 

supplementary t o  each other .  The t r u e  mechanism of f r a c t u r e  

of s o l i d s  may be revealed from these s tud ie s .  

I n  h i s  r e p o r t  the k i n e t i c  process  was considered 

It appeared 

Prof. Hsiao repor ted  his f ind ings  on the basis o f '  
2 G t i i i z i n g  the s t a t i s t i c a l  theory of the abso lu te  r e a c t i o n  rate . 

Tne mathematlcai model used was a rnatric of o r i en ted  elements 

o r  bonds, whether they be primary OT secondary, embedded ' C. C .  iisiao, 5. Appl. Pnys. 30, 1492 (1959) 
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rai-,dox;y i n  an arbi t ra l -y  donain. if f represented  t h e  

f r a c t i o n  o r  unbroken elements per u n i t  s o l i d  aagle ,  then  the 

rate of cnange of f can be wr i t t en  as 

- 
i - Kr( - - f )  - %f G f  

c i t  4T 
- -  

where K = w e + N )  i s  the r a t e  of reformation of r r 
broken ele;r,ents, t h e  i'recpency of motion of broken elements. 

U i s  t h e  or ig2nal  p o t e n t i a l  energy b a r r i e r  t o  be crossed 

between two equi l ibr iuni  states,  X i s  a u n i v e r s a l  cons tan t ,  T 

is abso lu te  temperature, p i s  a material constant  f o r  the system 

and q ( t )  i s  the stress subjected by t h e  elements; similarly 

KO = woe -('iRT @+) where $ and % are r e s p e c t i v e l y  the .  a 

rate or' r q t L r i n g  and frequency of motion of unbroken elements, 

and f3 i s  a modificatzon constant.  Ai'ter a stress a(t) i s  

a p p l i e c  t o  the  systen iis a. whole, t n e  energy barr ier  f o r  

p r a l l e l  elements becanie xociified t o  Uf iT  - f31C/(t) i n  the 

d i r e c t i o n  of s t r e s s i n g  and t o  U/RT + p l l / ( t )  i n  the opposi te  

d i r e c t i o n .  The time-dependent f r a c t u r e  of any medium can be 

s t u d i e d  by so lv ing  (S), from which 
L L 

assuming tha t  Kr = % when there  i s  no modif icat ion i n  t h e  

energy barrier.  For s i m p l i c i t y  cons ider  a f u l l y  o r i en ted  

systen, the  stress func t ion  p i t )  i n  each element would be 

g iven  by 
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Again f o r  s l q i i c i t y  the  I r a c t u r e  wider the i n f luence  of a 

cons t an t  stress cr was considered and an assun2t ion t n a t  the 

I"i-acture s t r e n g t h  was as soc ia t ed  witn a L i r d t i n g  value 

= +(t,> beyorid which every eleaient o r i en ted  i n  the 
%i A11 

d lyec t ion  of appiieci stress w o ~ i d  break. Then a t  a specif ic  

time-to-break t 
, I  

Now r e t u r n i n g  t o  (6), f o r  a l a r g e  value of stress JI,,. 

KD can be shown t o  be very large compared w i t h  Xro 

t o  a f i rs t  a2proximation, ( 6 )  may be reduced t o  the 

fol lowing form 

TherePore 

-U/RT-B$'(7)dT 
l e  4 0  %e f ( t )  = - 8n 

From ( 7 )  and ( 9 )  one could write 
c 

(9) 

where tm i s  t h e  t i m e  t o  f r a c t u r e  f o r  a constant  app l i ed  s t r e s s  0. 

Broz t h i s  i t  was found that  P(0)  = 877-0 t oge the r  with $(tm)=qm 
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iizmer;be,- t ha t  this expresslon I s  

ol” u. i n  t h i s  case  i t  is l i k e l y  

Then (11) calr be approxirated t o  

only t r u e  f o r  l a r g e  values  

tha t  

show a l i n e a r  r e l a t i o n  

.betweex the l o g a r l t b  of time ;at 

f r a c t u r e  stress (3 

and the cons tan t  appl iea  m 

T h i s  can be pu t  i n  the  following form as 

which i s  sirriiiar t o ( 1 )  given by ?ref. Zhurkov. Assuming t n a t  

the above genera l  formulation and approximations i n  the 

a n a l y s i s  are acceptable ,  then (14)  cannot be said to r ep resen t  

a gene ra l  k i n e t i c  process  i n  f r a c t u r e  without q u a l i f i c a t i o n s .  

The l i n e a r  r e l a t i o n s  (1st) can be  obtained only i f  the range of 

va lues  for cr i s  s u f f i c i e n t l y  large. 

small, the  1ogarit;wxi.c tern i n  (11) becomes h ipo r t an t .  By 

inc;;ldlfig t h i s  term, one can e a s i l y  put  (11) i n  the fol lowing 

Wnen values  of (3 are 

form: 
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Com2aring tnis equat ion  V i i t i - ,  (L), i t  fs seer, t n a t  t shoLiid 

oi' being a constant  as suggested by Prof. Zhurkov. I n  f a c t ,  

even (15) cannot be regarded as p r e c i s e  when (3 becoaes very 

small. 

be  replaced by a function of the a2piiea stress (5 i n s t e a d  0 

In that case ;r_l and IC w i l i  be  comparable and ( 6 )  
A. D I 

. .  
I 

must  be consul ted i r ' a  cons is ten t  k i n e t i c  Process f o r  f r a c t u r e  

m d e r  a12 Tanges o r  applied stress i s  to be maintained. 
. I  

I 


